The glucocorticoid receptor (GR) regulates gene expression by binding specific sequence elements within the promoters of target genes, or by cross-talk with other transcription factors (TFs). For some TFs, interaction with the GR results in alteration of DNA binding and transcriptional regulation. We used a protein/DNA array-a system that facilitates simultaneous profiling of the activities of multiple transcription factors-to systematically examine the potential cross-talk of GRα with 149 TFs. Using this array, we identified several TFs-including IRF, E47 and COUP-TF-whose DNA-binding activities are modulated by GRα. We then confirmed these results with in vitro electrophoretic mobility shift assays (EMSAs) and in vivo reporter assays. In this study, IRF and E47 were identified as participants in GRα cross-talk for the first time. This new finding expands our understanding of the functional role of GRα in the context of gene expression regulation.
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Summary
The glucocorticoid receptor (GR) regulates gene expression by binding specific sequence elements within the promoters of target genes, or by cross-talk with other transcription factors (TFs). For some TFs, interaction with the GR results in alteration of DNA binding and transcriptional regulation. We used a protein/DNA array-a system that facilitates simultaneous profiling of the activities of multiple transcription factors-to systematically examine the potential cross-talk of GRα with 149 TFs. Using this array, we identified several TFs-including IRF, E47 and COUP-TF-whose DNA-binding activities are modulated by GRα. We then confirmed these results with in vitro electrophoretic mobility shift assays (EMSAs) and in vivo reporter assays. In this study, IRF and E47 were identified as participants in GRα cross-talk for the first time. This new finding expands our understanding of the functional role of GRα in the context of gene expression regulation.
Introduction
Glucocorticoids, a major subclass of steroid hormones, modulate a large number of metabolic, cardiovascular, immune, and behavioral functions (1, 2) . The intracellular effects of glucocorticoids are mediated by the glucocorticoid receptor (GR), a 94-kDa intracellular protein belonging to the phylogenetically conserved nuclear hormone receptor superfamily. The GR binds to, and controls the transcriptional activity of, a set of target genes (3, 4) . In the absence of glucocorticoid, the GR is maintained predominantly in the cytoplasm as part of an inactive multiprotein complex which consists of the receptor, two hsp90 molecules, one molecule each of hsp70 and hsp56, and an immunophilin of the FK506-and rapamycin-binding class (5) . When glucocorticoid binds to GR, the receptor undergoes a change in conformation, dissociates from regulatory heat shock proteins, and is hyperphosphorylated. The activated receptor rapidly translocates to the cell nucleus, where it is able to initiate transcriptional regulation.
In the nucleus, hormone-activated GR regulates transcription via two distinct mechanisms, involving direct transcriptional regulation and indirect transcriptional regulation via cross-talk with other TFs. During direct transcriptional regulation, the GR binds as a homodimer directly to short, palindromically arranged DNA sequences located in the promoter regions of glucocorticoid-responsive genes. Binding to these sequences, known as glucocorticoid-response elements, leads to transcriptional induction or repression of target genes. During indirect transcriptional cross-talk, the GR regulates gene expression by interacting with other transcription factors. This indirect mechanism has been shown to alter the transcriptional by guest on http://www.jbc.org/ Downloaded from 4 properties of both the GR and the interacting TFs. Transrepression or transactivation via proteinprotein interactions with other TFs-such as nuclear factor-κB (NFκB)(6,7), activator protein-1 (AP-1) (8, 9) , and signal transducers and activators of transcription (STATs)(10)-may be particularly important in the suppression of immune function and inflammation by glucocorticoids.
While some cross-talk interactions cause no observable change in DNA-binding activity (6) (7) (8) (9) , other interactions result in the modification of DNA-binding activity of the target TF proteins (10) . These latter interactions might result in a mutual transcriptional impairment or synergy of both DNA-binding activities. For example, interaction between the GR and Stat5 increases the ability of STAT5 to enhance gene expression. This transcriptional synergy between Stat5 and the GR appears to result from increased DNA-binding activity of Stat5 (10) .
Interactions that result in altered DNA-binding activities of TFs have attracted considerable attention recently, but the lack of effective methods for studying multiple TF interactions has hindered serious research efforts. Conventionally, TF activities have been analyzed in vitro by gel shift assays, also known as electrophoretic mobility shift assays (EMSAs). Unfortunately, EMSAs can detect activation of only one TF per reaction. We have recently developed a novel array technology that allows high-throughput functional analysis of TFs (11, 12) . This simple array-based assay can profile the activities of multiple transcription factors in a single experiment. In the present study, we used this system to identify those TFs whose DNA binding activities are regulated by the GR. By comparing array data obtained both in the presence and in the absence of GR expression and activation, we identified cross-talk by guest on http://www.jbc.org/ Downloaded from 5 between the GR and several TFs. These TFs include IRF, whose DNA-binding activity was enhanced in the presence of GR, and others like COUP-TF and E47, whose DNA-binding activities were repressed. We used EMSAs and luciferase reporter assays to verify our array results.
Experimental procedures
Constructs
The pCMV-GRα expression vector encoding human glucocorticoid receptor was kindly provided by E Brad Thompson. Reporter constructs were made by replacing the NheI and BglII fragment of pMyc-TA-luc (Clontech) with the enhancer elements of GR, COUP-TF, IRF, or E47, respectively. Each reporter contains a minimal TA promoter, a luciferase gene, and two or three copies of each corresponding cis-element. Identical cis-element sequences were also used for the gel shift assays and array assays detailed below. A series of luciferase reporter vectors was constructed: pGRE-Luc, pIRF-Luc, pCOUP-TF -Luc, and pE47-Luc.
siRNA expression vectors were derived from PAVU6+27 (13) . Each siRNA expression vector contained two complementary copies of a 19-nt gene-specific sequence separated by a short spacer. Both the sense and antisense portions of siRNA sequences were synthesized and annealed; then, the generated SalI and XbaI cohesive ends were used for cloning into 6 PAVU6+27 to make E47, COUP-TF, and IRF-1 siRNA expression vectors. The siRNA insert sequences were as follows (the loop region is in lower case): 
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To perform the reporter assay, cells were plated in a 6-well plate and transfected with 1.5µg of a reporter vector mixed with 1µg of GRα expression vector. Cells transfected with the reporter vector only were used as a negative control. After exposure of transfected cells to 10 -6 M DEX for 6 hours, the cells were subjected to a luciferase reporter assay.
For siRNA knockdown, cells were plated in a 6-well plate and transfected with 1.5µg of siRNA expression vector. After 72 hours, cells were split; one portion was used for a luciferase reporter assay and the other for Western blot analysis or PCR to examine the effects of siRNA on gene expression.
Protein/DNA array analysis and gel shift assay (EMSA)
Nuclear extraction, protein/DNA array, and gel shift assays were described previously (12) . For the protein/DNA assay, nuclear extracts were incubated with biotin-labeled DNA probe mix in binding buffer for 30 min at 15°C. Protein/DNA complexes were resolved on a 2%
agarose gel in 0.5X Tris-borate-EDTA (TBE), then excised from the gel. DNA probes were recovered from the protein/DNA complexes and hybridized to the array membrane. GRE (17): GACCCTAGAGGATCTGTACAGGATGTTCTAGATCCAATTCG.
The negative control consisted of free probe (without nuclear extracts). For the competition control, we added excess unlabeled cold probes to the sample containing nuclear extract and biotin-labeled probe. The samples were separated on a 6% polyacrylamide gel in 0.5% TBE, transferred onto a nylon membrane, and fixed on the membrane by UV crosslinking.
The biotin-labeled probe was detected with streptavidin-HRP (Pierce).
Luciferase reporter assay
COS-1 cells were first transfected with luciferase reporter constructs and GRα expression vector. After removing the culture media and rinsing twice with phosphate buffered saline, 200µl of 1X cell lysis buffer was added to the cells, which were then shaken at room temperature for 15-20 min. The cells were dislodged by scraping or pipetting and then transferred to a 1.5-ml microcentrifuge tube before being centrifuged at 14,000 rpm at room temperature for 1 min to remove cellular debris. 10µl of the cell extract was mixed with 50µl of substrate (Pierce), and luminescence was measured using a luminometer. hours. The protein-bead complexes were washed three times with 1 ml of PBS, and 50µl of
Coimmunoprecipitation and Western blot analysis
Laemmli's SDS sample buffer (Bio-Rad) was added to elute the immunoprecipitated proteins.
The eluted proteins were separated on a 7.5% SDS gel and electroblotted onto nitrocellulose membranes. The membrane was then incubated with a polyclonal antibody against E47 or IRF-1 (Santa Cruz). After incubation with a secondary antibody, the membrane was overlaid with luminol enhancer and substrate for 5 min. The image was acquired using a FluorChem imager (Alpha Innotech Corp).
To check for siRNA-mediated inhibition of specific gene expression, whole cell lysates were subjected to Western blot analysis with E47 and IRF-1 antibodies, or with non-relevant YY1 antibody as a loading control.
RNA preparation and RT-PCR
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Total RNA was isolated from COS-1 and COUP-TF siRNA-transfected cells using Trizol Reagent (Invitrogen). cDNA was synthesized from 15 µg of total RNA with Superscript II reverse transcriptase (Invitrogen) in a final volume of 20µl. One cycle of PCR amplification was performed at 94°C for 60 sec, followed by 30 cycles at 94°C for 60 sec, 58°C for 60 sec, and 72°C for 60 sec. The PCR reaction contained 1µl of cDNA and 10µM COUP-TF forward primer (CTCTATGCCGCTGCACGTGGC), and reverse primer (TAAGGCCAGTTGAAGCTGCTCCC). Primers for β-actin were used as an internal control.
The amplified fragments were separated by electrophoresis on a 1.2% agarose gel.
Results
To study cross-talk between the GR and other TFs, we employed a newly developed protein/DNA array technology. This array is a high-throughput, DNA-based system that 11 facilitates profiling of the activities of multiple TFs in one assay. There are two arrays: Array I can detect the binding of 54 TFs, and Array II can detect an additional 96 TFs. In order to identify TFs whose activities might be regulated by GRα, we transfected COS-1 cells, which are known to have a low endogenous level of GR (18), with pCMV-GRα or vehicle vector for 16
hours. Upon treatment with 10 -6 M dexamethasone, the cells were collected and nuclear extracts were prepared for analysis with Protein/DNA Array I and II ( Table 2 lists whereas Array I has four-two of which are diluted 10-fold. We found that the activities of multiple TFs on Array II were affected by GRα (Figures 2A and 2B ). The most striking changes noted were increased binding of IRF and Pax4, and decreased binding of COUP-TF and E47.
Quantitative analysis of the array results indicated that the DNA-binding activities of all four of these TFs changed approximately two-fold (although transfection efficiency in these experiments was estimated to be at least 70%, it is possible that the degree of change in DNA binding of TFs has been underestimated by admixture of nuclear extracts from the small number of untransfected cells).
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Because the protein/DNA array is a high-throughput method, the results require verification by a secondary assay. EMSAs were performed with IRF, Pax4, COUP-TF, and E47
probes which were identical in sequence to the probes used in the protein/DNA array assay.
After electrophoresis and membrane transfer, both complexes and probes were identified with streptavidin-HRP and substrate. As shown in Figure 3 Some GR-related interactions cause a noticeable change in DNA binding of specific TFs.
For example, GR has been reported to interact with Stat5 to enhance Stat5-controlled gene expression. It is thought that the increased DNA-binding activity of STAT5 resulting from this interaction provides a mechanism for the transcriptional synergy exhibited between Stat5 and the GR (10). In the present study, we found that interactions between IRF, COUP-TF, E47, and the GR all result in altered DNA-binding activity. We used the protein/DNA array to profile the activity of 149 transcription factors, and identified a number of TFs whose DNA-binding activities were either repressed or enhanced in response to GR activation. All of the observed changes in DNA binding were shown to lead to changes in transactivation activities of these TFs.
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COUP-TF was first identified as a homodimer that binds to a direct repeat regulatory element in the chicken ovalbumin promoter (22) . During the preparation of this manuscript, GRα was shown to interact directly with COUP-TFII both in an in vivo chromatin immunoprecipitation assay and in an in vitro immunoprecipitation assay. This study examined functional interaction of GRα and COUP-TFII using promoters responsive to each TF (MMTV and CYP7A respectively). The results suggested that COUP-TFII represses GRα-induced transactivation by attracting the silencing mediator for retinoid and thyroid hormone receptors (SMRT), while the GR enhanced transcriptional activity of COUP-TF (23) . In contrast, our study with a cis-element derived from the chicken ovalbumin promoter suggested that interaction between GRα and COUP-TF could also repress COUP-TF-induced transactivation by decreasing protein/DNA binding activity of COUP-TF.
Transcription factor E47, a product of the E2A gene, belongs to a TF family characterized by a helix-loop-helix (HLH) dimerization motif (24) . E47 plays a pivotal role in activating B cell-specific genes (25) , is essential to normal B-cell development, and also regulates proliferation of some non-B cells. Here, we demonstrate that GRα interacts with E47, repressing its protein/DNA binding activity. We also showed that the interaction of GRα with IRF enhanced IRF-induced transactivation by increasing IRF protein/DNA binding activity. The interferon-stimulated response element (ISRE) is a DNA binding sequence for the interferon regulatory factors (IRFs). The IRF family includes seven cellular and two viral members that exert distinct biological effects (26, 27) . Among these factors, IRF-1 is the best characterized.
IRF-1 acts as a transcriptional activator, is clearly involved in the control of cell growth and apoptosis, and has been proposed as a tumor suppressor. IRF plays a key role in granulocytic differentiation, and its induction by granulocytic colony-stimulating factor (GCSF) represents a limiting step in the early events of myeloid cell differentiation (28). These findings expand the range of potential target genes that could be regulated by the GR and provide additional evidence for a mechanism by which the GR can regulate gene expression via changes in protein/DNA binding activities of other TFs.
Previously, a lack of suitable experimental methods limited discoveries of this type of interaction. The protein/DNA array provides a much-needed high-throughput tool for discovering novel TF interactions. This technology enabled us to reveal a novel mechanism of 
